Introduction
[2] Non-linear internal waves (NLIWs) evolved from internal tides are common in many coastal regions [e.g., Holloway et al., 1997; Zhao et al., 2004] . However, off the east coast of Korea, several studies have reported NLIWs originating only from wind-induced near-inertial (17 -20 hours) internal waves [Nam et al., 2007 ; D. J. ; H. J. Kim et al., 2001] . This seems to be due to the weak barotropic tides ($5 cm) in the East (Japan) Sea, about ten times less than those in the shallow Korea Strait (KS) . Kim et al. [2001] first demonstrated that the NLIWs off the east coast of Korea, as observed in May 12 -13, 1999, were generated by windinduced near-inertial waves rather than internal tides. In particular, such wind-induced NLIWs were clearly evident when a typhoon passed across a region of sharply varying topography in September 2003 [Nam et al., 2007] .
[3] However, internal temperature oscillations of tidal periods were also observed off the east coast of Korea by Lie et al. [1992] . They showed the existence of semidiurnal internal tides from temperature records collected at 11 levels in water depth of 27 m near 37°N (Figure 1a ) for 53 days in the summer of 1980. They suggested possible onshore propagation of remotely generated semidiurnal internal tides because the local barotropic tidal current was weak. Nevertheless, the remote source and propagation process were not identified.
[4] Recently, investigated internal tidal energy distribution in the southwestern East Sea, which is called Ulleung Basin (UB), using vertical round-trip acoustic travel time data from an array of 23 pressuresensor-equipped inverted echo sounders (PIESs). They showed that the semidiurnal internal tides originate from a restricted region of the shelf break ($200 m water depth) at the northern end of the KS (G line, Figure 1a) , and then mostly refract eastward during their propagation because of the Ulleung Warm Eddy (UWE). But they show that the semidiurnal internal tides refract westward when a cold water mass exists near the east coast of Korea. If the propagation of internal tides toward the coast is caused by westward refraction, not only wind-originated but also tideoriginated NLIWs would be expected off the east coast of Korea, even though the latter have not been reported to date.
[5] In this study, we investigate NLIW packets propagating toward and along the east coast of Korea detected by their surface manifestation in synthetic aperture radar (SAR) images. We will demonstrate for the first time in this region that the observed NLIW packets originated from shorewardrefracted semidiurnal internal tides, and we confirm this using an internal tide propagation model, which includes the interaction of the internal tides with mesoscale circulation and bottom topography. Characteristics of surface signatures of NLIW packets in the SAR images and the mesoscale circulation in the UB are examined in sections 2 and 3, respectively. In section 4, the propagation simulation result is compared with the distribution of NLIW packets in the SAR images. Discussions in section 5 conclude the paper.
SAR Images
[6] SAR images of the sea surface can be used to detect many oceanic as well as atmospheric processes, such as NLIWs and oceanic fronts, because of surface roughness variations [Johannessen et al., 1994] . To examine NLIW distributions, we use three SAR images acquired over the region crossing the UB at 01:57-02:04 UTC on September 2, 1996 (Figure 1 ). The SAR images are from the European Remote Sensing (ERS-2) satellites of the European Space Agency (ESA). The images in Figure 1b show a number of distinct bright and dark wave patterns in the northern image (Group A) and middle and southern images (Group B), which are generally interpreted as NLIW packets. Each group has two to three NLIW packets: A1 and A2 for the Group A and B1, B2 and B3 for the Group B as indicated in Figure 1c . The packet-to-packet distances are about 35 km for the Group A and 20-50 km for the Group B. The distances between the NLIW crests in the four packets are a few kilometers or less, which corresponds to the typical wavelengths of NLIWs found off the east coast of Korea [Nam et al., 2007; Kim et al., 2001] . Since the large amplitude NLIWs are usually faster than others in the edge, the curvatures of NLIWs in the Group B suggest that the packets B1, B2, and B3 in order are generated in the southeastern part of the southern image and propagate toward the east coast of Korea.
[7] The SAR images also give information on the shape of an oceanic front separating the water masses of the coastal and offshore regions. A rather smooth variation in roughness seen in the northern and middle images is interpreted as increased concentration of slicks aligned with the frontal boundary of the two distinct water masses [Marmorino and Smith, 2006] indicated by the F-line in Figure 1c . This is consistent with in-situ measurements, as shown in the next section.
Mesoscale Circulation
[8] Since a mesoscale circulation pattern can act as a waveguide for internal tides through the horizontal gradient of the internal-tide phase speed , we examine horizontal and sectional structures of water temperature in the UB for August and October 1996 using historical hydrocasts. At 100 m depth, cold waters (<5°C) occupy the coastal region and warm waters (>10°C) the central part of the KS off the coast ( Figures 2a and 2b) ; these are known as the North Korean Cold Water (NKCW) and Tsushima Warm Water (TWW), respectively [Yun et al., 2004; Kim and Kim, 1983] . The TWW appears in the region north of 37°N in October (Figure 2b ) presumably due to onshore movement of the UWE combined with a retreat of the NKCC Yun et al., 2004] . An oceanic front, separating the two distinct water masses, is maintained between the coastal and offshore regions both in August and October, consistent with the SAR images taken in September (see F-line in Figure 1c ). In the vicinity of the G-line (Figure 1a , around 35.5°N in the western channel of the KS), this front is particularly strong along Section II with horizontal temperature gradient up to 0.25°C/km (Figure 2 ). This strong front with cold water onshore provides a condition for westward refraction of internal tides since they are generated near the G-line, instead of a usual eastward refraction due to the existence of the UWE .
[9] Water temperatures observed along Sections I and II are also shown in Figure 2 for August and October 1996. Although the thickness of warm water near the surface increased from August to October, the basic structure of isotherms less than 15°C sloping up toward the coast was maintained with a strong front west of the G-line in Section II (Figures 2e and 2f ). In the western channel of the KS, it is known that the water temperature seasonally reaches a minimum in August/September due to the intrusion of Korea Strait Bottom Cold Water (KSBCW) [Kim et al., 2006] , causing a strong front as in this case. [10] The strong stratification near the G-line associated with the TWW and the strong front west of the G-line along the east coast of Korea create favorable conditions for the generation and westward refraction of semidiurnal internal tides, respectively. For the vertical density gradient of O(10
À4
) kg m À3 m À1 below the thermocline, the buoyancy frequency (N) is $5.5 Â 10 À3 s À1 and the characteristic slope of semidiurnal internal tides (g = ± ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
) is $0.02. This matches the bottom slope at depth $200 m, and hence creates an optimal condition for generating strong semidiurnal internal tides there . The westward refraction is examined in the next section using an internal wave propagation model.
Propagation of Semidiurnal Internal Tides
[11] We use a two-dimensional geometric optics model, as in work by , to illustrate the horizontal path of internal tides interacting with mesoscale circulation during their propagation from the G-line. This model uses the nondispersive speed of the first-mode baroclinic semidiurnal internal tides (C 1 ), which is computed using the propagation equation for linear internal waves with a flatbottom boundary condition . The initial wave-front is located near the G-line and assumed to be a straight line following the isobath. In this wave propagation model, the wave front advances by geometric optics in a direction normal to the wave-front by a distance Dd = DtC 1 , where Dt is the time step (1 hour) for computation. We exclude the effect of the horizontal shear in the simulation because C 1 is the major factor determining the wave-front propagation and the results are not sensitive to the horizontal shear . For the simulation, C 1 is computed using the hydrographic data, and then optimally interpolated into 1/8-degree grid points with 40-km correlation length scale.
[12] Figure 3 shows the simulated ray paths of semidiurnal internal tide propagation for more than 48 hours from the generation zone (within the region where hydrographic data are available). The semidiurnal internal tide rays refract westward because C 1 is slower in the coastal cold water (KSBCW) than in the offshore warm water (TWW) ( Figures  3a, 3b and 3c ). This differs from the eastward refraction inferred from the two-year mean map of rms semidiurnal internal-tide amplitude, estimated from the PIES array data (Figure 3d) . Comparison of results with and without bottom topography (Figures 3a and 3b) demonstrates the significant role of onshore shoaling in increasing the westward refraction of the internal tides, because shallow depth reduces C 1 . Furthermore, the rays refracted more westward in August than in October (Figures 3a and 3c ) since the KSBCW retreated from the G-line in October (Figures 2a and 2b) .
[13] The surface manifestations of five NLIW packets (A1, A2, B1, B2, and B3) detected in the SAR images also imply westward refraction of the semidiurnal internal-tide ray path (Figure 1a ) rather than the eastward refraction shown in Figure 3d . Therefore, the westward refraction of the NLIW packets can be accounted for by the KSBCW in the coastal region and the abrupt change in bottom topography, in spite of differences in details between the SAR and the simulation, possibly due to nonlinearity, initial conditions, errors in mesoscale circulations, and other factors.
[14] The simulation results also indicate that the semidiurnal internal tides (packets in the SAR images) were generated near the G-line 1 -3.5 days prior to the time of SAR images (Figures 3a and 3c versus Figure 1a ). Therefore, the time of generation of semidiurnal internal tides near the G-line would be from 23:00 August 29 to 11:00 September 1 (local time), 1996, corresponding to spring tide in the KS (Figure 4e ). Other possible NLIW packets generated before that time would have propagated out of the region of the SAR images. Tidal elevation of four major constituents (M2, S2, K1, O1) obtained from the OSU tide model with assimilation of TOPEX/Poseidon altimeter data [Egbert and Erofeeva, 2002] shows spring-neap variations ( Figure 4e ) consistent with tide-gauge sea level observation at the T site (location shown in Figure 1a) . The barotropic tidal currents predicted from the OSU tide model indicate flood-ebb tidal currents occur five times (corresponding to A1, A2, B1, B2, and B3 in order) at the G-line 1-3.5 days prior to the time of SAR image (Figure 4f ). In particular, the three packets (B1, B2, and B3) in Group B are generated roughly at the same tidal phase (solid circles in Figure 4f ) based on computation using the phase speeds along the ray path (centered in Figure 3a ) and the propagation distances from the G-line [e.g., Ramp et al., 2004] .
Discussion and Conclusion
[15] NLIW packets which produced surface signatures in SAR images might have been generated by wind-induced near-inertial internal waves as found previously off the east coast of Korea [Nam et al., 2007; Kim et al., 2001] . However, this does not seem to be the case here. Nearinertial oscillations at the W1 and W2 sites (see Figure 1a ) are estimated using a simple slab model [Pollard and Millard, 1970] with NCEP/NCAR reanalysis wind data. Figures 3a, 3c , and 3d.
They show a modulation for several days after an abrupt wind change at W1 on August 24. However, their amplitudes are only few cm/s, much weaker than the tidal currents in the KS (Figure 4) . In spite of dependency of near-inertial oscillations on both wind variations and preexisting mesoscale circulation [Park and Watts, 2005] , it is hard to believe that the NLIW packets (particularly B1, B2, and B3) are originated from local wind, when the estimated weak near-inertial oscillations are considered. And insofar as they originate from the tide, not from wind, the generation is restricted to the area near the G-line due to weak tides inside the basin beyond the area near the KS (about ten times less than those in the shallow KS) .
[16] Our analysis indicates that the surface signatures of NLIW packets in the SAR images taken on September 2, 1996 originated from semidiurnal internal tides which were refracted westward by the phase-speed gradients resulting from the UB mesoscale circulation pattern and abrupt change in bottom topography off the east coast of Korea. It suggests that the NLIWs found off the east coast of Korea can be generated not only by wind-induced near-inertial waves, as reported in several previous studies, but also by semidiurnal internal tides as commonly found in many coastal regions. In spite of errors resulting from the simplicity of the linearwave-propagation model, the model confirms that a mesoscale circulation pattern with the significant temperature front observed in August 1996 would cause westward refraction of semidiurnal internal tides. This refraction would only occur when the NKCC is strong and the KSBCW intrudes into the western channel of the KS. Since the background stratification near the G-line may vary even within a few days and since westward refraction, once initiated, is further increased by severe bottom shoaling, the ray path of semidiurnal internal tides may change between packets, such as the observed Groups A and B.
[17] Our analysis suggests that the semidiurnal internal tides were generated near the KS shelf break when it was spring tide in the region, 1 -3.5 days prior to the time the SAR images were taken. In this paper, the evolution of NLIWs from internal tides and the transformation that individual NLIWs experience within the packets are not investigated; these topics need more specific treatment with better simulation incorporating the nonlinear dynamics and shoaling process associated with the sharp changes in bottom topography. Figure 4f with solid circles. The gray shaded box and red vertical dashed line denote respectively the period of possible generation of the internal tides shown in SAR images and the time of SAR images. The former corresponds to the spring tide in the Korea Strait 1 -3.5 days prior to the latter.
